Abstract-This paper presents a performance assessment of macro fiber composite (MFC) sensors for measuring acoustic emission (AE) signals from partial discharges (PD) in power transformers filled with mineral oil. MFC sensors are low-profile and flexible, allowing them to be attached to uneven surfaces, such as a transformer wall. Two types of MFC sensors were assessed: P1 (d33 effect) and P2 (d31 effect), which are optimized for different deformations in the structure, such as elongation and contraction, respectively. In addition, a conventional AE sensor, R15I-AST model from Physical Acoustics South America, was also used as a reference for comparative analysis. Four metrics were applied to the signals: root mean square, energy criterion, Akaike criterion, power spectral density, and correlation. The experimental results indicate a high similarity between the MFC sensors and the conventional AE sensor, which expands the research field in acoustic PD measurement in power transformers by using low-cost and flexible sensors.
I. INTRODUCTION

P
OWER Transformers are high-cost equipment and essential for the electrical system operation. During the operation of power transformers, some factors such as overload, nonlinear loads and switching can cause the degradation of the insulating system, which allows the occurrence of internal partial discharges [1] - [3] . Partial discharges (PD) are random phenomena which have a direct influence on the transformers failures as well as on the interruptions in the power system. In this context, PD identification systems have been established as useful tools to support corrective maintenance in power transformers and contributed to reduce the costs involved in this task. Online PD monitoring can reduce the severe failures due to damage caused in the insulation system [2] - [8] .
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electromagnetic measurements, chemical analysis and acoustic emission (AE) [9] - [13] . A complete measurement system can combine two of these methods for the proper detection and localization of the PD. As is well known, the electromagnetic method has high sensitivity and it can be applied in online monitoring for PD detection [12] . In contrast, the main advantage of the AE method is the ability to determine the localization of the PD source [3] , [13] . Typically, this principle uses several AE sensors installed on the transformer wall to detect ultrasound waves generated by the PD and the localization of the PD-source is determined based on the time of flight differences between the acoustic PD signals [10] - [14] . The use of two combined measurement methods is required because the signals from the AE sensors have low signal-tonoise ratio (SNR) due to the damping that the acoustic waves undergo in the propagation paths between the PD-source and the sensors [14] , [15] . Therefore, the measurement of the electromagnetic signals in the ultra-high frequency (UHF) range, which has high sensitivity, is typically used for the PD detection and the triggering of the AE measurement to reduce noise by the averaging of the acoustic signals, allowing the reliable localization of the PD-source [12] , [14] , [16] .
In the present study, we compared the performance of alternative sensors for the measurement of AE signals aiming the PD localization. Although there are many types of consolidated AE sensors for industrial and academic applications, these sensors have high financial cost, limiting the use of this technique for the failure diagnosis in transformers. Therefore, the use of low-cost alternative sensors is attractive for the PD localization, especially in large transformers where several sensors may be required to determine the PD-source accurately.
A recent study [3] has proposed the use of piezoelectric diaphragms, commonly known as buzzers, for measuring acoustic PD signals in power transformers. These components are readily available at very low cost and the results indicate their viability to detect AE signals from PD events. However, similarly to the conventional AE sensors, the diaphragms are rigid and little flexible, which does not allow its attachment to uneven surfaces, such as transformers made with the cylindrical shape or external parts in this form. For these cases, rigid sensors can not be used because their surfaces not adhere fully to curved structures. In order to overcome this drawback, in this study we present an experimental evaluation of macro fiber composite (MFC) sensors for acoustic PD measurement in power transformers. These devices are low-profile, durable and flexible, allowing their attachment to uneven surfaces, which would not be feasible with common sensors. The MFCs were first developed by NASA in 1996 and recently used in many applications such as sensors, actuators and energy harvesting [17] , [18] .
In this context, the objective of this paper is to present an experimental analysis of the feasibility of using MFC sensors to detect PD in power transforms based on the AE method. Two types of sensors have been used: P1 (d33 effect) and P2 (d31 effect), as detailed in Section III. Both sensors were connected at the external wall of a transformer to measure AE signals from PD events. To verify the feasibility of the proposed sensors, the signals obtained for the both MFCs were compared with a R15I-AST sensor from Physical Acoustics South America -PASA®, which is a conventional sensor consolidated in academic and industrial applications for acoustic PD measurement.
It is worth mentioning that in this study a full discharge was generated instead of a PD, according to the experimental setup presented in Section IV. Although the amplitudes of the acoustic signals generated by a full discharge are higher compared to a realistic PD, the results presented in this study are valid because the sensors were analyzed and compared under identical conditions. The feasibility of the MFC sensors was assessed and compared to the conventional AE sensor by the analysis of time-domain and frequency-domain responses when they were subjected to the same full discharge.
The results show that the MFC sensors and the conventional AE sensor have similar behaviors for acoustic PD measurement. Base on in this similarity, the proposed P1 and P2 MFC sensors can be a real alternative that contributes to the development of PD localization systems and improvement in the quality of electricity supply or planning maintenances.
The remainder of this paper is organized as follows. Section II presents the basic theory of PD, Section III talks about MFC piezoelectric sensors, Section IV presents the materials and method, Section V discuss de results and finally the conclusions are presented in Section VI.
II. ACOUSTIC PARTIAL DISCHARGES MEASUREMENT IN POWER TRANSFORMERS
There is a great concern about the operating integrity during the life-cycle of power transformers because these devices are the most expensive and critical equipment in electric power plants. Therefore, there are a significant importance in monitoring the insulation condition of power transformers.
The insulation deterioration starts with some factors such as overload, transient voltages by switching and atmospheric origin, nonlinear loads, which degrade the insulation material. These factors create the ideal environment for the incidence of PDs, which may completely compromise the useful life of the transformer [1] - [5] . One of the main methods to evaluate the insulation integrity of an electrical equipment is by monitoring the PD, which is defined by the IEC 60270 as "localized electrical discharges that only partially bridges the insulation between conductors" [9] .
An electric field incident on the dielectric material makes enough changes that produce an electric break, arising a current in a specific area closing partially the circuit. Generally, these materials are degraded or have voids that promoting a material discontinuity. The voids cause electrical field enhancement and so originate PD, creating a load pulse lasting less than 1 μs that provides a destructive energy releasing heat, light, electromagnetic radiation, pressure ultrasound waves that radiate in all directions from a source [10] , [11] , [19] - [22] .
In the power transformer when the PD occurs, the longitudinal waves travel thought mineral oil and refract in the surfaces of the steel tank, yielding longitudinal and share waves. Accordingly, these refracted waves in the steel surfaces can be detected using AE sensors attached to the steel wall [23] . Therefore, this paper presents an experimental analysis of the feasibility of MFC sensors for acoustic PD measurement, in order to enable the large-scale use of this noninvasive method of PD localization. The piezoelectric effect and the MFC sensors are presented in the next section.
III. PIEZOELECTRICITY AND MFC SENSORS
The property that some dielectrics have to create a polarization when subjected to a mechanical stress is called piezoelectricity. This polarization produced by the tensile stress produces a voltage output through the formation of an electric dipole in material [24] . The reverse effect also occurs: a mechanical deformation arises applying an electrical voltage between the two sides of the piezoelectric material.
In piezoelectricity, the quantities involved are tensors, despite some particular directions of the crystals, the vectors are in the same direction [24] . The relations of scalar quantities are given by (1) and (1), respectively:
where E k is the electric field component, s E i j kl is the elastic compliance constant at constant electric field, ε T ik is the permittivity component at constant stress, d ikl and d ki j are the piezoelectric constants, D i is the electric displacement component, S i j is the strain component, T kl is the traction vector component. The subscripts i , j , k and l take the values 1, 2 and 3, and represent the natural coordinate system of the piezoelectric material.
According to (1) and (2), there is an electric load owing to a mechanical stress and a deformation due to an electrical field. Therefore, in piezoelectric sensors there is an electromechanical coupling, allowing to generate a voltage when excited by mechanical deformations caused by an acoustic PD wave.
Normally, the conventional AE sensors have a high average cost, such as R15I, which is consolidated for AE applications [25] . This sensor is enclosed in a metal housing and incorporates a low-noise input preamplifier and a filter all inside the house, as shown in Fig. 1 (a) .
The alternative piezoelectric sensors used in this study were the MFCs sensors [17] , [26] , which are low-profile, durable and flexible devices composed of rectangular piezoceramic rods inserted between layers of adhesive, electrodes and polyimide film as shown Fig. 1 (b) and (c). The electrodes are attached to the film in an interdigitated pattern, which transfer the applied voltage directly to and from the ribbon shaped rods.
These devices are as a thin, surface−conformable sheet and can be applied to various types of structures or embedded in composite structures [17] , [26] .
The MFC sensors used in this research are the M2814-P1 and M2814-P2 from Smart Material Corporation, Sarasota, FL, USA. The first type (P1) uses d33 effect in which the piezoelectric material is only polarized longitudinally with respect to its plane. This effect is related to the elongation of the structure. The nominal capacitance of this sensor is 1.15 nF. For the second type (P2), the polarization is perpendicular with respect to its plane, which is related to the contraction of the structure, and its nominal capacitance is 30.78 nF. Therefore, the MFC-P1 has a higher capacitive reactance than MFC-P2.
Several low-cost piezoelectric sensors such as lead zirconate titanate (PZT) ceramics and piezoelectric diaphragms (buzzers) has been applied in many scientific studies for structural health monitoring (SHM) [27] - [33] and PD detection [3] in power transforms, and good results have been reported. Therefore, as a proposal, this study presents an experimental analysis of the feasibility of P1 and P2 MFC sensors for acoustic PD measurement. As mentioned before, these devices are flexible, allowing its attachment to many uneven surfaces of the transformer which would not be accessible with conventional sensors. The experimental procedure is presented in the next section.
IV. EXPERIMENTAL SETUP
Since the purpose of this research was to realize a comparative analysis of the performance between the conventional AE sensor and the flexible MFC sensors for acoustic PD measurement, it was necessary to generate a discharge in a transformer equipped with these sensors. However, instead of a real PD, a full discharge was generated. A full discharge was used in this study because normally the propagation paths of the acoustic waves between a real PD-source and the AE sensors attenuate the acoustic signals, making the SNR of the acoustic measurements low and requiring an additional method such as the electromagnetic for triggering, as mentioned before [12] , [14] , [16] . In contrast, a full discharge allows acoustic measurements with high SNR, requiring no additional methods for the effective analysis and comparison of the sensors, which is the purpose of this study.
Although a full discharge was applied in the power transformer, this approach is valid because the three sensors were analyzed and compared under the same conditions. In addition, according to the results presented in Section V, the MFC sensors show a time-domain and frequency-domain responses very similar to the conventional AE sensor, indicating the feasibility of these sensors for the localization of real PDs.
The flowchart followed to perform the analysis and comparison of the three sensors is shown in Fig. 2 . Each of the steps shown in the flowchart of Fig. 2 are detailed in the following sections.
A. Assembling and PD Data Acquisition
The experimental configuration diagram is shown in Fig. 3 and the transformer with the conventional AE sensor and the two types of MFC sensors are shown in Fig. 4 . The three sensors were fastened in a 30 kVA transformer's wall using liquid paraffin. An instrumentation amplifier (INA 128P, Texas Instruments) with frequency response up to 500 kHz and gain of 28 dB was used to amplifier the signals from the P1 and P2 MFC sensors. Furthermore, this amplifier was also used as an antialiasing filter. To avoid electromagnetic disturbances in the sensors, the wall of transformer and the cables shield has been grounded to conduct only AE signals related to the discharges. In addition, a high-pass filter with 20 kHz cutoff frequency was used to eliminate low frequency vibrations.
Once the full discharge was generated, the data acquisition was performed using an oscilloscope with sample rating set to 10 MS/s.
The discharges were generated in the insulation oil of the transformer applying a 7 kVac voltage in a copper electrode as shown in Fig. 3 . To generate this voltage, 100 Vac was applied in a potential transformer whose transform relation is 1:70. This point to point electrode was made with cooper screws attached to an insulation material. A point-to-point gap was used in this study because the PD in the point-to-point system in oil can be related to PDs generated by insulation damage of two neighboring turns of winding of a transformer [34] .
B. Signal Processing Parameters
The AE data provided by the oscilloscope allowed performing analysis in the time and frequency domain. Several routines were developed in Matlab for time and frequency domain analysis, such as energy criterion, root mean square (RMS), Akaike criterion and power spectral density (PSD) method. In the time domain analysis, metrics were associated with basic statistics analysis such as correlation and linear fit. The conventional sensor (R15I) was the reference for this work.
1) Energy Criterion:
The purpose of energy criterion is to characterize signals which frequency range and energy content have variation, as acoustic emission waves [13] , [35] . This criterion enables the detection of the acoustic wave arrivals time in the sensors, as well as changes in the signal over time from a sophisticated algorithm. The energy curve S (k) of the sampled signal x is defined as the cumulative sum of amplitude values as shown in (3)
where i is a count variable or part of the signal, and the instantaneous energy curve depends on the total energy of the S N signal and the number of samples N. The global minimum of this curve corresponds to the start time of the AE signal for the sensor, i.e., the time at which a sensor is excited initially by ultrasound waves. The ultrasound waves excite the AE sensors by waves reflections, refractions and directly. For PD location is very important know the time of flight differences between acoustic PD signals. Using an average sound velocity mainly geared to the propagation speed in oil only, signal portions of the direct way should be denoted as 'PD-signal' and the structure-borne interferences can be addressed as 'PD-Noise' instead [13] .
According to the results shown in [13] , the global minimum for the energy criterion could be used to localize the start time of the signals from the sensors because the energy criterion is a statistical method that compares the importance of each sample in the energy across the mean of the whole signal, minimizing the 'PD-Noise' effects. The signal energy intensity is directly related to the load applied to the sensor. Therefore, this criterion can be used as a way of characterizing and measuring a signal [13] , [35] .
2) Root Mean Square (RMS):
RMS is one of the most important criteria to evaluating the signal acquired by the AE sensor [36] . This approach can be considered as a physical quantity of sound intensity and it is directly related to the load applied to the sensor, which makes it a very interesting value to be monitored. The RMS value of a finite time signal can be expressed by (4):
where N is the discrete number of samples equivalent to the interval of 1 ms, x i is the sampled signal voltage of the sample i .
3) Akaike Information Criterion (AIC):
The Akaike information criterion (AIC) considers the signals as autoregressive processes in which every sample is a linear combination of past values [13] , [35] .
This criterion is a measure of the goodness fit of a statistical model to a set of observations. It is commonly applied in seismology using a combination with two autoregressive fits to determine the onset of seismic waves by means of the local minimum in the AIC curve. In this paper, AIC is used to determine the time of arrival (TOA) of the signals and besides compare the performance of the conventional and MFCs curves. The model is performed by weighted signal variance σ 2 comparing from sample 1 to n and n+1 to N, as shown in (5) [13] , [35] .
4) Correlation Coefficient (Cc):
The correlation coefficient in (6) is calculated using one reference signal parameter, which is the signal from the R15I sensor (x RS ), to perform the comparison with the signals from MFC sensors (x P ), showing the similarity degree between them. Therefore, this study uses this method to assess the P1 and P2 MFC sensors for PD detection.
wherex RS andx P are the mean values.
5) Power Spectral Density (PSD):
PSD function is a standard method for the feature extraction of stochastic signals which describes the power distribution of a signal in the frequency domain [37] , [38] . For estimation of this distribution, some parametric and non-parametric techniques are applicable. A typical non-parametric method is the Welch's periodogram [38] . In this method, a signal is divided into L equal (possibly overlapping) segments whose length is M. The PSD of segment i is given by (7):
where d M (n) is the windows function of length M, x i (n) is the i th segment of x(n) [37] . The average ofŜ(ω) i of all L segments is the PSD of x(n) as shown in (8):
The signal processing parameters presented above were applied to the signals from the conventional AE sensor and MFC sensors for a comparative analysis of the feasibility for acoustic PD measurement. The results are presented and discussed in the next section.
V. RESULTS AND DISCUSSION
In this section, the results of the comparative analysis of the signals from the three sensors in the time and the frequency domain are presented and discussed.
A. Time-Domain Response
The analysis of the time-domain response was performed by implementing the signal processing parameters described in the previous section in the Matlab software to compare the acoustic behavior of the three sensors used in this research, since the pure pure signal analysis is not enough to evaluate the feasibility of the MFC sensors to detect ultrasound waves. These parameters allow the features extraction of the acoustic content of the signals from the three sensors. The discharge signals received by the R15I-AST, MFC-P1 and MFC-P2 are shown in Fig. 5 .
There is a significant difference between the three signals in the time domain. The R15I-AST sensor gain is higher than the other two sensors. It was also observed that the MFC-P1 was more sensitivity than MFC-P2 to detection of AE signals. Perhaps, this result is mainly due to a difference capacitance of the both sensors. The MFC-P1 has a higher capacitive reactance than MFC-P2, according to explained in Section III. This causes a higher output voltage on the P1 sensor.
Although there are differences in the signal amplitudes, the signals suddenly increase to approximately 0.024 s and decrease until approximately 0.035 s for the three sensors.
To perform the statistic metrics such as RMS, energy criterion and AIC, the signals were normalized because the signal amplitudes of the sensors are different. The results obtained using the energy criterion are shown in Fig. 6 .
We can observe that the energy responses for the acoustic load intensity applied to the sensors were very similar. The global minimum points in the graph represent the arrival time of the excitation, which was 24 ms for the three sensors and the maximum point of the energy curve occurred in 34 ms for all sensors as well.
For a better analysis, the linear approximations and correlation coefficients were computed to compare the energy curves of the three sensors. The purpose of this comparison is to show the acoustic excitation similarity between the MFC sensors and the conventional AE sensor. For the linear fit analysis, an angle close to 45 degrees indicates a high similarity between the signals. The linear approximations and correlation coefficients for the energy criterion obtained from the comparison of the P1 and P2 MFC sensors with the conventional AE sensor are shown in Fig. 7 and Fig. 8, respectively .
The correlation coefficient of MFC-P1 type sensor shown in Fig. 7 is 0.98338 which represents a high similarity between this sensor and the R15I-AST conventional sensor. The best linear fit observed is near to 45°, which also indicates that the ultrasound waves excited the sensors in very similar way.
The MFC-P2 analysis also indicated the good potential for acoustic PD measurement, since this sensor has high similarity with the conventional sensor, as shown in Fig. 8 . In the comparison with the conventional sensor, the linear fit was nearly 45°as well as MFC-P1 type and the correlation coefficient was 0,99852. As noted, the two sensors proposed in this work obtained a similar behavior for the acoustic load from discharge.
Another criterion was performed by using the RMS analysis. The window period value considered was 1 ms. Fig. 9 shows the RMS values for the conventional sensor, MFC-P1 and MFC-P2. This approach can be considered as a physical quantity of sound intensity and it is directly related to the load applied to the sensors, as well as the energy criterion. For each RMS curve, three points were highlighted to compare the signals as shown in Table I : the RMS peak value, an attenuation point with 70.7% of the peak (3 dB attenuation) and the last one, the attenuation point with 10% of the maximum RMS. These points were chosen for a quantitative comparison of the RMS curves and the intensity for acoustic emission load.
At time of 24 μs, the rate of change for the RMS signal was significant for all sensors and the peak was at 1 μs later. As the window was 1 ms in the RMS criterion, the time of arrival was 0.02 s as previously indicated by the energy criterion. Thus, the RMS analysis can be an alternative parameter to indicate the time of arrival signals. There is a significant similarity between the attenuation characteristics of the sensors, as it can be noticed in Fig. 9 and Table I. The 3 dB attenuation (70.7% peak) occurred in 25.43 ms for the MFC-P1, 25.64 ms for MFC-P2 and 25.66 ms for the R15I-AST sensor. For the 10% attenuation of the peak value, the times were 34.25 ms, 37.41 ms and 38.77 ms for MFC-P1, MFC-P2 and R15I-AST sensor, respectively. Therefore, this criterion is a good tool for show the absolute values for contour waves. Although the discharge acoustic waves are impulsive, the damping of the acoustic emission waves can be observed with more details comparing to the original signal.
This similar behavior of the three sensors for discharge acoustic load is confirmed by computing the linear approximation and correlation coefficient. Fig. 10 and Fig. 11 show the results obtained from the comparison of the P1 and P2 MFC sensors with the conventional AE sensor, respectively. The correlation coefficient was 0.95219 for the MFC-P1 and 0.99335 for the MFC-P2 sensor. Although the linear fit was better to P2 sensor, there is a high degree of similarity between both sensors. Hence, the RMS criterion can contribute to the evaluation of similarity of acoustic signals, as indicated in the significant results obtained by the correlation and linear fit. In addition, this criterion also constitutes as a new approach to estimete acoustic emission time of arrival signals. For time of arrival signals in this method, it is necessary to convert the time scales due to use of window in the signal.
The AIC parameter was used as a measure of the goodness of fit for a statistical model to a set of observations of acoustic signals, indicating the high similarity between the signals from the three sensors. The results are shown in Fig. 12 . According to Fig. 12 , the curve decreases until a local minimum point that represents the time of arrival of the acoustic wave. For all sensors, this point was 0.24 ms, showing that there is a consonance between the results showed by energy and RMS criterion. Then, the AIC curve increases to a maximum point for all sensors. Fig. 13 and Fig. 14 show the linear approximations and correlation coefficients for the AIC criterion obtained from the comparison of the P1 and P2 MFC sensors with the conventional AE sensor, respectively. The results indicate that the AIC curves obtained for the MFC-P1 and MFC-P2 sensor were, respectively, 0.9781 and 0.99562 similar to the conventional sensor. The linear fit was nearly 45°for both sensors, considering as a reference the conventional sensor signal.
The analysis of the signals in the frequency domain are presented in the next section.
B. Frequency-Domain Response
The analysis of the PD signals in the frequency domain was performed computing the PSD as shown in Fig. 15 . Two points in the PSD curves were highlighted to compare the signals as shown in Table II . The results show that the conventional sensor was more sensitivity than the MFC-P1 and MFC-P2 sensor.
For the analyzed points, the 3-dB attenuation for the R15I sensor was at frequency of 245.6 kHz and represents a higher band than both sensors MFC-P1 and MFC-P2, which were attenuated at frequencies of 163.8 kHz and 176.1 kHz, respectively. The 10-dB attenuation for the conventional sensor was at frequency of 359.6 kHz and represents a higher band only than the MFC-P1 sensor, which was attenuated at the 333.2 kHz. The wider band for this attenuation was obtained for the MFC-P2, although this sensor was less sensitivity for PDs. However, the conventional sensor was more sensitivity due to higher gain, as shown in Fig. 5 , but the MFC sensors have a near range of the R15I-AST sensor.
Therefore, the results show that the discharge spectrum is more significant up to 250 kHz and has high attenuation at 400 kHz. The PSD analysis show that the MFC sensors are feasible for acoustic PD measurement in power transformers due to high similarity of the results compared to the conventional sensor in the response of the discharge signals.
Finally, it is important to note that the relative low sensitivity observed for the MFC sensors compared to the conventional AE sensor can be improved by using an appropriate amplifier.
VI. CONCLUSIONS
The purpose of this study was to analyze the feasibility of MFC sensors for measuring acoustic signals from partial discharges in power transformers. Although the experimental setup has used a full discharge to provide high signal-to-noise ratio measurements, all tests were carried out under the same conditions for an effective comparison of the MFC sensors with a conventional sensor (RS15I) commonly used for localization of partial discharges.
The results obtained by the two types of MFC sensors are similar to the results obtained using a conventional sensor, indicating the feasibility of these sensors for the measurement of acoustic signals from partial discharge events. This inference é based on the energy, RMS and Akaike criteria, which indicated good sensitivity of the MFC sensors to detect acoustic emission waves, besides the high correlation between the results obtained by the MFC sensors and those obtained by the conventional sensor. Although the relative sensitivity of the MFC sensors is lower compared to the conventional sensor, it can be increased by the use of an appropriate amplifier. In addition, MFC sensors are low-profile, low-cost and flexible compared to the conventional sensors and are readily available, making the use of these devices particularly attractive in large power transformers multiple sensors may be required for the reliable localization of partial discharges.
Finally, as a suggestion of future research, multiple MFC sensors can be installed in a large transformer for the effective detection and localization of real partial discharges by combining the electromagnetic and acoustic emission methods.
